The cold-wet effect of oasis improves the extreme natural conditions of the desert areas significantly. However, the relationship between precipitation and the width of oasis is challenged by the shortage of observed data. In this study, the evolution of annual precipitation from desert to oasis was explored by the model establishment and simulation in Tarim Basin of northwestern China. The model was developed from the principle of maximum information entropy, and was calibrated by the China Meteorological Forcing Dataset with a high spatial resolution of 0.1 • from 1990 to 2010. The model performs well in describing the evolution of annual precipitation from the desert to oasis when the oasis is wide enough, and the R 2 is generally more than 0.90 and can be up to 0.99. However, it fails to simulate the seasonal precipitation evolution because of the non-convergence solved by nonlinear fitting and the unfixed upper boundary condition solved by the least square method. Through the simulation with the parameters obtained from the nonlinear fitting, the basic patterns, four stages of precipitation evolution with the oasis width increasing, are revealed at annual scale, and the current stages of these oases are also uncovered. Therefore, the establishment of the model and the simulated results provide a deeper insight from the perspective of informatics to understand the regional precipitation evolution of the desert-oasis system. These results are not only helpful in desertification prevention, but also helpful in fusing multisource data, especially in extreme drought desert areas.
Introduction
Oasis serves to improve the extreme natural conditions of the arid regions by affecting the regional hydrometeorological factors [1] [2] [3] [4] [5] [6] [7] , and the oasis-desert interactions are important for the stable co-existence of oasis and desert ecosystems [8] and water resources management [9] . Hence, quantifying the spatial evolution of precipitation with the oasis width increase is crucial to the regional eco-environmental security in the arid areas.
In fact, the spatial evolutions of precipitation are affected by the cold-wet effect of oasis. The cold effect is mainly resulted from the greater absorption of latent heat through evapotranspiration [10, 11] and the higher surface albedo of the vegetation than the desert surface [3] . The wet effect is because of more water vapor source from the evapotranspiration of oasis [3, 4] . As a result, the local water vapor can account for up to 20% of the precipitation in arid and semiarid regions [12, 13] and 20-50% in humid regions [14] [15] [16] [17] . In fact, the extreme arid environment leads to the much larger difficulties of data observation. Many studies are based on the field observation at a low spatial resolution [1] [2] [3] [4] [5] [6] [12] [13] [14] [15] [16] [17] , although some multiscale datasets are available in specific areas such as Heihe Basin located in the northwestern China [18] . Thus, generally, exploring the relationship between the precipitation and oasis width quantitatively is still challenged by the resolution of data.
Merging multisource data is a useful tool to solve the problem of data shortage and low resolution, especially fusing the calibrated remote sensing data with the land surface observed data. After the early attempts in the 1980s [19, 20] , the resolution of the assimilation data has improved substantially. For example, as for the ocean system, the current resolution is about 1/4-1/6 degrees [21, 22] . In China, the current resolution is 0.1 degrees spatially [23, 24] , and its good spatial continuity has been demonstrated by several studies. These studies have uncovered the spatial distribution of precipitation and evaporation in the Nam Co basin in Tibetan Plateau [25, 26] , and the spatial patterns of permafrost based on the climatic factors of this dataset [27] . The higher resolution of fusion dataset provides an alternative source to analyze the spatial evolution of precipitation.
Entropy, combining the micro and macro status, has been widely used to simulate the evolution of a system. Information entropy is a better measure of variability than the variance and coefficient of variation when the probability distribution is not symmetric [28, 29] , because entropy may be related to higher order moments of a distribution [30] . Hence, it has been employed to evaluate the complexity of typical chaos [31] and uncertainty of precipitation and the potential water resources ability at different scales [32] [33] [34] [35] . Spatially, entropy has been widely employed to evaluate the spatial distribution of rainfall gauge net [36, 37] , quantify the soil water dynamic processes [38] [39] [40] , explore the multifractal generation [41, 42] and simulate the shallow water and solution transportation based on the molecule collision [43, 44] . These applications above indicate that entropy is not only a good index to describe the uncertainty of a time series, but also a good method to describe the spatial continuity.
Therefore, the objective of this study was to quantitatively explore the evolution of precipitation from desert to inner oasis based on the Tarim Basin, northwestern China. A model describing precipitation evolution was developed from the information entropy theories, and then the parameters of model were fitted by the China Meteorological Forcing Dataset with the spatial resolution of 0.1 degrees. Through the simulation, the typical precipitation evolution patterns weare revealed, and the current stage of these oases were also identified. The establishment of the model and the simulated results provide a deeper insight from the perspective of informatics to understand the regional precipitation evolution of the desert-oasis system. These results are useful for the desertification prevention and multisource data fusion, especially in extreme drought desert areas.
Study Area, Data and Methodology

Study Area
The Tarim Basin, covering an area of approximately 560,000 km 2 , is located in the south of Xinjiang Province in northwestern China [45, 46] , as shown in Figure 1 . The Taklamakan Desert, which formed at least 5.3 Ma years ago, is in the center of the Tarim Basin [47] . The total area of the oasis is approximately 103,900 km 2 [11, 48] . In the desert region, the annual precipitation is from less than 15 to 60 mm, increasing from the east to the west [49] , and the increase rate is 10.15, 6.29, and 0.87 mm per decade in the mountain, oasis and desert areas, respectively, based on the observed data from 1960 to 2010 [50] . However, the annual potential evaporation is over 3200 mm based on the evaporation from water surface, and most of the basin is a generally unsuitable or extremely unsuitable area for human settlement [51] . Currently, the irrational reclamation of land and overuse of natural resources have led to the destruction of vegetation and shrinkage of the water area [52] [53] [54] and have threaten the security and sustainable development of oases [48] . 
Data
In this study, the China Meteorological Forcing Dataset, developed by the Data Assimilation and Modeling Center for Tibetan Multispheres, Institute of Tibetan Plateau Research, Chinese Academy of Sciences [23, 24] , was used to test the performance of the model and to calibrate the parameters of the precipitation evolution form the desert toward oasis. The dataset was produced by merging a variety of data sources. More details on the dataset are given in the user's guide of the Dataset [55] . The spatial and temporal resolutions of the dataset are 0.1 degrees and 3 h, respectively, and the data length is 21 years (1990-2010) . Based on the dataset, the spatial distributions of annual precipitation in Tarim basin are shown in Figure 2 . 
Information Entropy and Principle of Maximum Entropy
Assuming the probability density function of a continuous variable x is expressed by f(x), and the information entropy is calculated as [56, 57] : 
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Assuming the probability density function of a continuous variable x is expressed by f (x), and the information entropy is calculated as [56, 57] :
where a and b and the lower and upper boundaries of the variable x, respectively. In addition, the known information of the variable represented by g i (x), such as mean and standard deviation, can be given by the following formula:
Hence, the general solution of f(x) can be obtained by solving the conditional extreme values using the method of Lagrange multipliers: the objective function is the maximum information entropy, and the constraint is the known information in Equation (3) . More details about the mathematical derivation is presented in the literature [40, 58] . The general form of f(x) is given as:
Establishment of the Model
Assuming the precipitation at the boundary area between oasis and desert is P 0 , the precipitation evolution from desert toward the oasis is represented by the integration of a function p(z), as given in Equation (5):
where z represents the distance from the desert-oasis boundary to a certain point of the oasis. P(z) represents the precipitation at the location with distance z. Equation (5) can also be transformed into the following form:
Usually, P(z) reaches a constant approximately when the oasis is wide enough. Here, Equation (6) can be written as:
where the constant C represents the maximum increment of precipitation with the increase of oasis width. Dividing both sides of the equation by the constant C, Equation (7) becomes:
Hence, the item of p(z)/C can be considered as a probability density function, and its information entropy is calculated by Equations (9) and (10):
As for a specific oasis, the spatial distribution can be considered as stable approximately in a mid-long term. Correspondingly, the arithmetic mean and geometric mean of precipitation evolution can be considered as constant, as given by Equations (11) and (12), respectively.
where µ z and ν z represent the arithmetic mean and geometric mean. Here, the Lagrange function is obtained based on the information entropy of precipitation evolution with the constraints of Equations (8), (11) and (12), as given by Equation (13).
= 0, then the general solution of p(z)/C is obtained by solving the conditional extreme values, as given in Equation (14):
Equation (14) can also be written as:
It is easy to obtain that e λ 0 −1 = − α / Γ(α). Thus, the probability density function p(z)/C can also be expressed as:
Substituting Equation (16) into Equation (5), the evolution of precipitation with the oasis width increase is:
In fact, the right-hand term of Equation (16) is the probability density function of a gamma distribution. Therefore, Equation (17) shows that the precipitation evolution model is based on the scaled cumulative distribution function of a gamma distribution with an initial precipitation. In other words, the model is based on the linear transformation of the cumulative distribution function of a gamma distribution. The parameters of the model include the shape factor α, scale factor β, zooming constant C and initial precipitation P 0 at the boundary between desert and oasis.
Assuming the initial precipitation P 0 at the boundary between desert and oasis is 50 mm/year and the zooming constant C is 50, the illustration of the precipitation evolution are shown in Figure 3 with different shape and scale factors. Illustration of precipitation evolution from desert to inner oasis. Assuming the initial precipitation P0 at the boundary between desert and oasis is 50 mm/year and the zooming constant C is 50, the precipitation evolution is shown with different shape factor and different scale factor.
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Calibration of the Model
Performance of the Model
In this study, four main oases were used to test the performance of the model. These oases are Kashi Oasis located in the western basin, Akesu Oasis in the northern basin, Kuerle Oasis in the northeastern basin and Hetian Oasis in the southwestern basin. The evolution routes of precipitation from desert to oasis are shown in Figure 4 . Generally, these routes are located in the middle of these oases. Illustration of precipitation evolution from desert to inner oasis. Assuming the initial precipitation P 0 at the boundary between desert and oasis is 50 mm/year and the zooming constant C is 50, the precipitation evolution is shown with different shape factor and different scale factor.
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Calibration of Model for Hetian Oasis
Through combining the spatial distribution of oasis and the local hydrological cycle, two main reasons were found to lead to the poor performance of the model. The first is the much smaller width of Hetian Oasis. As shown in Figure 5 , the Hetian Oasis is about 55 km wide, while Kashi Oasis is 200 km, Akesu Oasis is 120 km and Kuerle Oasis is 80 km. The second reason is that the prevailing Figure 5 . Performance of the model simulating precipitation from desert to oasis in different areas of Tarim Basin.
Through combining the spatial distribution of oasis and the local hydrological cycle, two main reasons were found to lead to the poor performance of the model. The first is the much smaller width of Hetian Oasis. As shown in Figure 5 , the Hetian Oasis is about 55 km wide, while Kashi Oasis is 200 km, Akesu Oasis is 120 km and Kuerle Oasis is 80 km. The second reason is that the prevailing wind direction of the Hetian Oasis is opposite to the cold effect of oasis [59] [60] [61] . Our previous study revealed that the opposite direction leads to water vapor from the local evapotranspiration accumulating over the buffer zone located in the down wind direction of the oasis [49] , as shown in Figure 6a . Hence, the evolution of precipitation in the Hetian Oasis should be divided into two phases: the buffer zone with abnormal high precipitation and the regular pattern of the precipitation evolution after the buffer zone, as shown in Figure 6b .
By overlapping the spatial distribution of water vapor content and oasis layout, it was found that the first four grids should be removed to calibrate the model. After their removal, the calibrated model performs much better, and the R 2 increased from 0.47 to 0.87, as shown in Figure 6b. wind direction of the Hetian Oasis is opposite to the cold effect of oasis [59] [60] [61] . Our previous study revealed that the opposite direction leads to water vapor from the local evapotranspiration accumulating over the buffer zone located in the down wind direction of the oasis [49] , as shown in Figure 6a . Hence, the evolution of precipitation in the Hetian Oasis should be divided into two phases: the buffer zone with abnormal high precipitation and the regular pattern of the precipitation evolution after the buffer zone, as shown in Figure 6b .
By overlapping the spatial distribution of water vapor content and oasis layout, it was found that the first four grids should be removed to calibrate the model. After their removal, the calibrated model performs much better, and the R 2 increased from 0.47 to 0.87, as shown in Figure 6b. (a) Spatial distribution of water vapor.
(b) Calibrated model in Hetian Oasis. 
Parameter Inversion
Based on the results obtained by nonlinear fitting, the parameters of the model for all four oases are obtained, as shown in Table 1 . According to Equation (17) and Figure 3 , the meanings of these parameters are clear. P0 is the initial value that represents the precipitation at the boundary area between oasis and desert. Here, AKesu Oasis exhibits largest value, followed by Kashi, Kuerle and Hetian respectively. The zooming constant, C, represents the maximum potential increment of precipitation with the oasis width increase. The results of zooming constant C suggest the maximum promotion on local precipitation in Kashi, middle level in AKesu and Kuerle, and the minimum promotion in Hetian Oasis. Shape and scale factors represent the increase rate of the precipitation. A larger value is usually accompanied with a smaller increase rate, and vice versa (Figure 3) . 
Based on the results obtained by nonlinear fitting, the parameters of the model for all four oases are obtained, as shown in Table 1 . According to Equation (17) and Figure 3 , the meanings of these parameters are clear. P 0 is the initial value that represents the precipitation at the boundary area between oasis and desert. Here, AKesu Oasis exhibits largest value, followed by Kashi, Kuerle and Hetian respectively. The zooming constant, C, represents the maximum potential increment of precipitation with the oasis width increase. The results of zooming constant C suggest the maximum promotion on local precipitation in Kashi, middle level in AKesu and Kuerle, and the minimum promotion in Hetian Oasis. Shape and scale factors represent the increase rate of the precipitation. A larger value is usually accompanied with a smaller increase rate, and vice versa (Figure 3) . Table 1 . Performance of the model and the parameters inversion for precipitation evolution from desert to oasis in different locations of the Tarim Basin. 
Main Oases Initial Precipitation
Influence of the Local Terrain
Apart from the cold-wet effect of oasis, the significant uplift of the terrain would lead to a sharp decrease in temperature and result in a substantial increase in precipitation at the local scale. As given in our previous study [49] , the increment of the elevation is about 80-100 m. Meanwhile, the widths of Kashi, Akesu, Kuerle and Hetian Oases are approximately 210, 120, 80 and 55 km, respectively, as shown in Figure 5 . This indicates that the increase rate is ordered by: Hetian > Kuerle > Akesu > Kashi. However, this trend is opposite to the increment and increase rate of precipitation from desert to oasis. Hence, the increase of precipitation from desert to oasis is not dominated by the local terrain.
Performance of the Model at Seasonal Scale
The performance of the model at seasonal scale was also analyzed. The first problem confronted is that the result does not converge when solved by nonlinear fitting using MATLAB (MathWorks, Natick, MA, USA). Here, the results are based on least square method and the results are shown by Figure 7 . Generally, the model seems to perform well with several exceptions, including the winter of Kuerle and Hetian Oases, and the summer of Hetian Oasis. The reason can be attributed to the transportation of water vapor. As discussed above, the wind blowing from the oasis to the desert would decrease the cold-wet effect of the oasis substantially [49] .
However, the second problem is that the solutions of the model based on the least square method are substantially affected by the upper boundary conditions. Two examples based on different upper boundary conditions are given to illustrate this problem. As shown in Table 2 , the initial precipitation P 0 is not affected by the upper boundary conditions. The other three parameters, however, are influenced significantly. For example, the difference of the parameter C estimated for the summer of the Kuerle Oasis can be up to 140 mm, although the R 2 is 0.99 for both solutions. Here, the failure of the model may be resulted from the resolution of the data or the more complex water vapor transportation. Hence, further studies should be carried out to explore the simulation of the season precipitation evolution from desert to the oasis. 
Simulated Results
Based on the performance of the model at different scales, the parameters are reasonable at annual scale. The evolution of precipitation with the increase of oasis width was calculated by Equation (17) using the parameters given in Table 1 . The results are shown in Figure 8 , from which the basic patterns of precipitation evolution are revealed and the current stage of these oases are also obtained. More details on the two aspects are as follows. 
Based on the performance of the model at different scales, the parameters are reasonable at annual scale. The evolution of precipitation with the increase of oasis width was calculated by Equation (17) using the parameters given in Table 1 . The results are shown in Figure 8 , from which the basic patterns of precipitation evolution are revealed and the current stage of these oases are also obtained. More details on the two aspects are as follows.
Basic Patterns of Precipitation Evolution
According to the simulated results (Figure 8 ), it could be found that the basic patterns of precipitation evolution exhibit four stages: a small increase at first, then a much faster increase after a threshold of oasis width, followed by a small increase rate again when the oasis width reaches a relatively large width, and finally the increase rate decreases to close to zero when the oasis is wide enough. The threshold values of the four stages are also obtained (Table 3) .
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The second stage: Large increase rate. The second threshold value is about 150-185 km. In this period, the increase rate of precipitation is much larger than before. Generally, precipitation exhibits a linear trend with the oasis width increase. Hence, the increase rate of precipitation is approximately constant. As shown in Figure 5 . By contrast with Figure 8 , it can be obtained that the four oases belong to different stages that are manifested by the following aspects.
1.
Kashi Oasis. Kashi Oasis is at the beginning of the fourth stage, in which the precipitation is stable with the oasis width increase. This implies that the annual precipitation will be the same as the maximum value (about 120 mm/year) if the oasis expands towards the desert. 2.
Akesu Oasis. The width of the Akesu Oasis is about 135 km. Hence, the evolution of precipitation in Akesu Oasis is at the first half of the second stage currently. The second stage means largest increase rate of precipitation with oasis width increase but the middle level precipitation amount. Hence, if the oasis expands towards the desert, the precipitation would increase substantially. However, the total increment of precipitation should be less than the increment precipitation in Kashi Oasis. 3.
Kuerle Oasis. As shown in Figure 8 and Table 3 , the current width of the oasis is at the first half of the second stage. Hence, it would exhibit similar characteristics to AKesu Oasis. 4.
Hetian Oasis. Different from the other three oases, the Hetian Oasis is at the end of the first stage. With the oasis width increase, the precipitation would increase at a slope of approximately 0.65 mm/km. That means the total increment of precipitation is the least if the oasis expanded toward desert in Hetian Oasis because of the much smaller initial condition of precipitation.
Discussions
The Simulated Results for Desertification Prevention
In the Tarim Basin, affected by the substantial increase of local human activities, the destruction of oasis environments is increasing, resulting from the irrational reclamation of land and overuse of natural resources [62] . In fact, the irrigated oasis area has exceeded about 33.6% of the maximum carrying capacity of local precipitation [52] . The increase of the arable land is at the expense of the destruction of vegetation and shrinkage of the water area [53, 54] . Even worse, the expansion of artificial oases has led to the degradation of natural oases and the oasis-desert ecotone, which may threaten the security and sustainable development of oases [48] . These problems require understanding the interaction between the oasis and local hydrological cycle, and to selecting the more appropriate areas for desertification prevention and layout of oasis expansion.
According to the simulated results shown in Figure 8 and the current stage of the oasis precipitation, it can be concluded that Kashi Oasis is at the beginning of the fourth stage, which implies that the increment of precipitation would be about 120 mm/year. The increment of precipitation in Akesu and Heian Oasis are the middle level because both oases are at the first half of the second stage. The least promotion would appear in the southwestern basin of Hetian Oasis because it is at the end of the first stage. Therefore, Kashi Oasis of the western basin is the most appropriate area for desertification prevention, while the southwestern basin, i.e., Hetian Oasis, presents a greater challenge.
The Model for Multisource Data Fusion
The considerable challenge to the data assimilation is the resolution [22] . In this study, the spatial resolution of the assimilated data is 0.1 degrees [23, 24] , and many researchers have used this dataset to analyze the regional hydrological processes, such as the impact of lake effects on the temporal and spatial distribution of precipitation in the Nam Co basin of the Tibetan Plateau [25] , evaporation from the lake [26] and the impact of climatic factors on permafrost in the Tibetan Plateau [27] . The good spatial continuity of the dataset is reflected by gradual changes of the local hydrological processes.
However, the performance of the dataset is still not clear in the desert areas. In this study, the dataset agrees well with simulated results of the model based on information entropy, which is not only demonstrated by the good performance of the model, but also reflected by the good spatial continuity of annual precipitation evolution in the desert-oasis system. Furthermore, the poor performance of the model without the calibration is also an indicator of the different interaction between the oasis and water vapor transportation in the Hetian Oasis. In fact, opposite direction between the water vapor transportation and cold effect of the oasis leads to water vapor from local evapotranspiration accumulating near the desert boundary, where the higher temperature reduces the promotion of oasis on local precipitation substantially [49] . Hence, the model is a useful tool to test the spatial continuity of the dataset obtained from merging multisource data, especially in those areas with extreme natural conditions, for example, desert areas.
Conclusions
Based on the established model, parameter inversion, forward simulation, and the discussions on the potential applications of the method, the conclusions are as follows.
1.
The model describing precipitation evolution from desert to oasis is based on information entropy theory: the evolution of precipitation is considered as a linear transformed cumulative distribution function, and the probability density function is obtained by solving the Lagrange conditioned extreme value with the objective function of maximum information entropy. The constraints are the constant arithmetic mean and geometric mean of precipitation evolution from desert to oasis when the oasis is wide enough. The general form of the model is a linear transformed cumulative distribution function of a gamma distribution. 2.
The model performs well when the oasis is wide enough. The R 2 between the simulated result and the dataset is 0.99, 0.93 and 0.97 for the Kashi Oasis, Akesu Oasis and Kuerle Oasis, respectively. In the Hetian Oasis, however, the model performs poorly with the R 2 of 0.47. The reason is mainly the opposite direction between the oasis cold effect and the water vapor transportation that results in a buffer zone in the first several tens of kilometers. After removing the buffer zone, the model shows a good accuracy with the R 2 of 0.87. However, the model fails to describe the seasonal precipitation evolution because of the non-convergence problem solved by nonlinear fitting and the influence of upper boundary condition solved by the least square method.
3.
The simulated results indicate that the evolution of annual precipitation from desert to oasis includes four main stages: slow increase first, then fast increase, followed by a slow increase again and finally a stable stage. The threshold value of the first stage is 30-50 km, implying the promotion of local precipitation is very small if the width of the oasis is less than this value. The second stage can be approximated linearly, with the threshold value of 155-185 km and the slope of 3.32, 2.86, 1.76 and 0.65 mm/10 km for the Kashi Oasis, Akesu Oasis, Kuerle Oasis and Hetian Oasis, respectively. The upper boundary of the third stage is about 220-300 km, after which the precipitation evolution is almost constant.
4.
Currently, the four main oases in the Tarim basin are at different stages. The Kashi Oasis has reached the fourth stage, the Akesu and Kuerle Oases are at the first half of the second stage, and the Hetian Oasis is at the end of the first stage. These current stages reflect different local hydrological effect when prevent desertification in the four main oases: maximum promotion on precipitation in the Kashi Oasis, middle promotion in the Akesu Oasis and Kuerle Oasis, and the least promotion in the Hetian Oasis.
Therefore, the theory of the model and simulated results would provide a deeper insight from the perspective of informatics into understanding the precipitation evolution from desert to oasis, which is not only helpful in preventing desertification but also helpful in merging multisource data in the extreme drought desert areas.
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